T he management of intracranial arteriovenous malformations (AVMs) continues to progress, due to the recent development and refinement of multiple therapeutic modalities. 20, 25, 29 However, it remains challenging to treat AVMs in and around the brainstem because of their vicinity to vital structures and arterial inflow from critical en passage brainstem-perforating vessels. 12, 17, 21 In this context, there exists a distinct type of AVM that has a small nidus and sits extrinsically on and around the pial surface of the brainstem rather than intrinsically in the paabbreviations AICA = anterior inferior cerebellar artery; AVM = arteriovenous malformation; BVR = basal vein of Rosenthal; CISS = constructive interference in steady state; CPAC = cerebellopontine angle cistern; DSA = digital subtraction angiography; GKS = Gamma Knife surgery; ICH = intracerebral hemorrhage; IPA = intrinsic pontine artery; IPS = inferior petrosal sinus; MRA = MR angiography; mRS = modified Rankin Scale; SAH = subarachnoid hemorrhage; SCA = superior cerebellar artery; SPS = superior petrosal sinus; TN = trigeminal neuralgia; TOF = time of flight. obJective Arteriovenous malformations (AVMs) in the cerebellopontine angle cistern (CPAC) are specific lesions that can cause neurovascular compression syndromes as well as intracranial hemorrhage. Although case reports describing the CPAC AVMs, especially those presenting with trigeminal neuralgia (TN), have been accumulating by degrees, the pathophysiology of CPAC AVMs remains obscure. The authors' purpose in the present study was to evaluate the clinical and radiographic features of CPAC AVMs as well as the treatment options. MethoDs This study defined a CPAC AVM as a small AVM predominantly located in the CPAC with minimal extension into the pial surface of the brainstem and closely associated with cranial nerves. All patients with CPAC AVMs treated in the authors' affiliated hospitals over a 16-year period were retrospectively identified. Clinical charts, imaging studies, and treatment options were evaluated. resUlts Ten patients (6 men and 4 women), ranging in age from 56 to 77 years (mean 65.6 years), were diagnosed with CPAC AVMs according to the authors' definition. Six patients presented with hemorrhage, 3 with TN, and the remaining patient developed a hemorrhage subsequent to TN. Seven AVMs were associated with the trigeminal nerve (Group V), and 3 with the facial-vestibulocochlear nerve complex (Group VII-VIII). All patients in Group VII-VIII presented with the hemorrhage instead of hemifacial spasm. Regarding angioarchitecture, the intrinsic pontine arteries provided the blood supply for all CPAC AVMs in Group V. In addition, 5 of 7 AVMs with hemorrhagic episodes accompanied flow-related aneurysms, although no aneurysm was detected in patients with TN alone. With respect to treatment, all patients with hemorrhagic presentation underwent Gamma Knife surgery (GKS), resulting in favorable outcomes except for 1 patient who experienced rebleeding after GKS, which was caused by the repeated rupture of a feeder aneurysm. The AVMs causing TN were managed with surgery, GKS, or a combination, according to the nidus-nerve relationship. All patients eventually obtained pain relief. conclUsions Clinical symptoms caused by CPAC AVMs occur at an older age compared with AVMs in other locations; CPAC AVMs also have distinctive angioarchitectures according to their location in the CPAC. Although GKS is likely to be an effective treatment option for the CPAC AVMs with hemorrhagic presentations, it seems ideal to obliterate the flow-related aneurysms before performing GKS, although this is frequently challenging. For CPAC AVMs with TN, it is important to evaluate the nidus-nerve relationship before treatment, and GKS is especially useful for patients who do not require urgent pain relief.
renchyma. There is growing evidence that this unique feature allows this type of AVM to be treated by microsurgery or radiosurgery. 1, 5, 30 In particular, cases in which the AVM is present in the cerebellopontine angle cistern (CPAC) have been reported in an anecdotal fashion because of their unique clinical symptoms, including trigeminal neuralgia (TN) and hemifacial spasm. 7, [13] [14] [15] 27 However, there have been insufficient investigations of the pathophysiology of AVMs in this specific location.
We herein defined a CPAC AVM as a small AVM that predominantly sits in the CPAC with minimal extension into the pial surface of the brainstem and that closely associates with cranial nerves in the cistern. We evaluated the clinical and radiographic features as well as treatment options for this specific entity.
Methods
Between 1999 and 2014, we treated 249 patients with AVMs at Niigata University Hospital and an affiliated hospital. Among these patients, we identified 10 consecutive patients with CPAC AVMs. We strictly defined a CPAC AVM for this study as a lesion with a small nidus (less than 1 ml in volume or less than 1 cm in diameter) located predominantly in the CPAC, with minimal extension into the pial surface of the brainstem. Thus, lesions that were larger or that were located intrinsically in the parenchyma were excluded from this analysis. The medical charts of included patients were reviewed to evaluate patients' backgrounds, clinical symptoms, and treatment options. The exact location and the extent of the AVMs were identified by MRI obtained before treatment, including 2D time-offlight (TOF) and constructive interference in steady state (CISS) imaging. The angioarchitecture of the nidus was evaluated using digital subtraction angiography (DSA). In patients who underwent Gamma Knife surgery (GKS), results of MRI, MR angiography (MRA; 3D TOF), and DSA obtained during the follow-up periods were reviewed to evaluate the obliteration of the AVM as well as radiationrelated complications. The ethics committee at Niigata University School of Medicine approved this study, and informed consent was obtained from each patient.
results
The 10 patients included 6 men and 4 women, with an average age of 65.6 years (range 56-77 years). Table 1 presents clinical, radiographic, treatment, and follow-up data.
clinical Presentation
Six patients presented with intracranial hemorrhage-4 patients presented with subarachnoid hemorrhage (SAH) and 2 with intracerebral hemorrhage (ICH) with subarachnoid extension. Three patients presented with TN alone, and another patient presented with SAH subsequent to a facial pain due to TN.
radiographic characteristics

Localization of CPAC AVMs
The CPAC AVMs were divided into 2 distinct groups by their localization-a group in which the nidus was closely associated with the trigeminal nerve (Group V, n = 7) ( Fig. 1 ) and another group that had close association with the facial-vestibulocochlear nerve complex (Group VII-VIII, n = 3) (Fig. 2) . The AVMs causing TN were naturally included in Group V, and all other patients with AVMs in Group V presented with hemorrhages. All patients in Group VII-VIII presented with hemorrhages, and no patient showed hemifacial spasm.
Arterial Supply
All AVMs in Group V received feeders from the superior cerebellar artery (SCA) and intrinsic pontine arteries (IPAs). In particular, IPAs functioned as the main feeders for the AVMs in 4 patients (Cases 4-7) who presented with TN during their clinical course (Fig. 3) . Also, additional feeders from the anterior inferior cerebellar artery (AICA) were seen in 5 cases and from the middle meningeal artery and tentorial artery in 1 case. On the other hand, the AICA was the main feeder in all patients in Group VII-VIII (Fig. 2) , and 1 case received an additional feeder from the SCA.
Venous Drainage
Generally, draining veins for CPAC AVMs emptied into petrosal veins and subsequently joined the venous sinuses. In Group V, 5 of 7 cases used the superior petrosal sinus (SPS) alone or in combination with multiple draining routes, and the other 2 cases had a single venous drainage route-one via the basal vein of Rosenthal (BVR) and the other via the inferior petrosal sinus (IPS). In Group VII-VIII, all cases had multiple draining routes-the SPS and BVR in 2, and the SPS and IPS in 1. Neither marked venous ectasia nor varix formation was detected among the draining veins.
Aneurysms Associated With the AVM
Of the 7 patients who experienced hemorrhage, aneurysm formation was detected in 5, including 3 feeder aneurysms and 2 intranidal aneurysms. The feeder aneurysms were localized adjacent to the nidus in 2 patients (Fig. 2) and remote from the nidus in 1 patient (Fig. 4) . No AVM-associated aneurysms were detected in patients presenting with TN alone.
treatment of avMs
Based on the principles of treatment for AVMs presenting with hemorrhages, direct manipulation of the nidus was avoided during the acute phase to the extent possible. Therefore, 6 of 7 patients with hemorrhages were initially managed with conservative treatment and subsequently underwent GKS. One exception was Case 1, who presented with an SAH accompanying a feeder aneurysm on the AICA far from the nidus (Fig. 4) . Because the aneurysm was considered to be a bleeding source, the feeder was clipped during the acute phase, resulting in ipsilateral deafness; GKS was subsequently performed for the remaining nidus. In patients with hemorrhagic presentation, the modified Rankin Scale (mRS) score immediately before GKS was 0 in 3 patients, 1 in 3, and 3 in 1. Of 3 patients presenting with TN alone, the chosen treatments were more variable. In Case 5, the initial surgery exposed the compression of the nerve root by draining veins; thus, the draining veins were dissected from the nerve, and GKS was later performed for the remaining nidus (Fig. 3) . Case 7 was also managed surgically, resulting in feeder clipping because the nidus was embedded in the trigeminal nerve (Fig. 1) . The remaining patient (Case 6) was treated with GKS alone.
Patient Follow-Up
In 7 patients with hemorrhagic presentation, 5 received periodic clinical and radiographic evaluation more than 3 years (5-13 years) after GKS. Although none of the 5 patients experienced rebleeding or neurological deterioration after GKS, the patient in Case 8 died of pneumonia 8 years after GKS, and the one in Case 2 became bedridden due to advancing age. Four of these 5 cases underwent follow-up DSA, resulting in complete obliteration in 2 patients (Cases 8 and 9) and residue of arteriovenous shunt in 2 patients (Cases 2 and 3). In Case 2, DSA obtained 5 years after GKS showed a disappearance of the nidus and the intranidal aneurysm but a residue of the fistulous component. Case 3 also exhibited a faint arteriovenous shunt on the DSA obtained 2 years after GKS; however, we abandoned further follow-up DSA because of the patient's advanced age. A remaining patient (Case 1) was followed using MRA because the bleeding point had been treated by the surgery, and final images demonstrated the disappearance of abnormal vessels (Fig. 4) . Two patients with hemorrhagic presentation underwent GKS within 2 years. Therefore, follow-up MRA demonstrated residual nidus.
Regarding the 2 patients with hemorrhage, the one in Case 10 suffered from multiple rebleeding episodes 5 months after GKS, resulting in severe neurological deficits including disturbance of consciousness, ataxia, and hemiparesis. Angiograms obtained after the rebleeding demonstrated enlargement of the preexisting feeder aneurysm; thus, the aneurysm and some parts of the nidus were embolized with Onyx. However, the embolization was complicated by the brainstem infarction without further worsening of neurological symptoms (Figs. 2 and 5) .
Of 3 patients with TN, Case 5 showed disappearance of pain immediately after vascular decompression, and the pain in Case 6, a patient who was managed with GKS alone, disappeared 6 months after GKS. In Case 7, the patient also experienced pain relief after feeder clipping, resulting in a dose reduction for medications. Cases 5 and 6, both patients who underwent GKS, were followed by MRA, which revealed disappearance of the nidus. The prescribed dose of GKS ranged from 16 to 20 Gy, and no patient experienced complications associated with GKS, including cranial nerve palsies and brainstem dysfunction.
Discussion age at onset
A noteworthy characteristic regarding the background of patients with CPAC AVMs is the age at onset. Among our cases, the mean age at presentation was 65.6 years (range 56-77 years). Gross and Du performed a meta-analysis of cerebral AVMs with data from 9 studies including 3923 patients, and described the mean age at onset as 33.7 years. 8 In previous reports, we found 15 CPAC AVMs with morphological features that matched our definition of CPAC AVMs, and they also demonstrated an older age at onset (mean 55.5 years, range 35-76 years) ( Table 2) . It remains unknown why CPAC AVMs cause clinical symptoms in older individuals.
Hetts and colleagues investigated the angioarchitectural features of 833 patients with AVM and determined a difference between children and adults. 11 According to their results, flow-related aneurysms, venous ectasia, and posterior fossa location were significantly more frequent among adult patients. It is reasonable to assume that flow-related aneurysms arise from chronic hemodynamic stress, and CPAC AVMs might require a longer period of time to develop aneurysms because they receive a smaller amount of the shunt flow. However, the age at onset for our cases with TN alone also exceeded 55 years. This finding may support a theory that brain AVMs are not static lesions; angioarchitectural features can change with time, resulting in the increase of somewhat adverse effects on the trigeminal nerves. Neither marked venous ectasia nor varix formation was observed in the present series. This finding might have been influenced by the small size of the nidus as well as the short length of the draining vessel due to the proximity to dural sinuses.
arterial supply
In the present study, the IPA participated in the feeding of all AVMs in Group V and played a role as the main feeder in cases with TN (Table 1) . Similarly, the IPA provided the arterial supply to all of the previously reported AVMs presenting with TN, as shown in Table 2 , although the authors of these studies used varying anatomical terms for the IPA. According to the previous anatomical studies, 2-6 trigeminal arteries that form a vascular network around the root provide the arterial supply for the trigeminal nerve root, and the trigeminal arteries usually originate from the SCA, AICA, and IPA. 3, 10 Above all, the superolateral pontine artery and the inferolateral pontine artery, which are branches of the IPA, are most often detected around the trigeminal nerve root. 19 Although such anatomical findings indicate that CPAC AVMs fed by IPAs are likely to be intrinsic in the trigeminal nerve, they occasionally sit beside the trigeminal nerve, compressing the nerve by their feeders or draining veins as in Case 5.
Among previous reports, CPAC AVMs associated with the VII-VIII complex were less frequent than those associated with the trigeminal nerve, and the AICA was the main feeder in all reported cases as well as in our Group VII-VIII (Tables 1 and 2) . 15, 22 It seems conceivable that this occurred because the roots of the facial and vestibulocochlear nerves receive their arterial supply from branches of the AICA, including the labyrinthine and recurrent perforating internervous arteries.
2,31
treatment options
Based on the principles of AVM management, CPAC AVMs with hemorrhagic presentation require more aggressive treatments than those with nonhemorrhagic symptoms. However, the ideal treatment option for hemorrhagic cases remains undetermined because the vast majority of CPAC AVMs in the literature presented with TN, as shown in Table 2 . We selected GKS for the treatment of cases with hemorrhagic onset. We were hesitant with respect to surgery because the majority of patients had no or minimal neurological deficits during the chronic phase, which was probably due to the cisternal localization, resulting in SAH unaccompanied by ICH. Although our strategy fortunately achieved acceptable results, it should be noted that the hemorrhagic cases in the present study were frequently accompanied by aneurysms associated with AVMs, which are considered to have high rebleeding risks. 4, 23, 24, 26 If GKS is chosen for the treatment of CPAC AVMs accompanied by such an aneurysm, it is ideal to obliterate the aneurysm before performing GKS. As shown in Case 1, it is feasible to manage the aneurysm with the surgery if the aneurysm is localized on the feeder far from the nidus (Fig. 4) .
Embolization is another option for obliterating aneurysms. However, in cases of CPAC AVM, critical branches are likely to originate from the feeders. Actually, the patient in Case 10 developed a brainstem infarction after the embolization, even though the main trunk of the AICA was preserved (Fig. 5) . Thus, if embolization is planned, it is essential to evaluate the detail of the angioarchitecture before embolization, and the pharmacological provocation test should be required in cases with minimal neurological deficits.
Compared with other treatment modalities, resection has the advantage of immediately removing the risk of rebleeding. Two patients with hemorrhagic presentation are described in Table 2 . These patients underwent resection of the nidus. One patient presented with ICH causing facial hypesthesia and ataxia, and the resection resulted in no worsening of these symptoms. 18 The other patient presented with SAH with no accompanying neurological deficits, but facial hypesthesia developed after the resection. 16 Han et al. recently reported the results of microsurgery for brainstem AVMs, categorizing them into 6 types. 9 The CPAC AVMs might be included in their lateral pontine type, which sits on the pial surface between the trigeminal nerve root medially and the cerebellopontine fissure laterally. The nidi were completely resected in all 7 patients with the lateral pontine type, without any neurological deterioration, although 4 of the 7 had preoperative neurological deficits with an mRS score > 3. Nozaki et al. reported surgical results for CPA AVM. 21 All 8 patients had hemorrhage on initial presentation, resulting in preoperative neurological deficits, including cranial nerve palsy and ataxia. Two AVMs were located completely epipially in the CPAC, and 6 had small subpial extensions. Total microsurgical resection was performed in all patients, resulting in worsening of preexisting deficits in 3 patients. Although these excellent results were achieved by experienced surgeons, surgery might be considered in cases with moderate to severe neurological deficits due to the initial hemorrhage. In addition, surgery might be indicated for AVMs with perinidal aneurysms unsuitable for embolization, causing repeat hemorrhages. On the other hand, elderly patients, who were frequently encountered in the present study, are likely to be candidates for GKS.
As shown in Table 2 , CPAC AVMs presenting with neurovascular compression syndromes have been primarily managed by microsurgery; however, resection of the AVM frequently resulted in nerve root injury. 5, 16, 18 On this subject, preoperative MRI (including TOF and CISS imaging) is likely to provide useful information for determining the nidus-nerve relationship. In cases in which symptoms are caused by feeders or draining vessels compressing the nerve root, vascular decompression followed by GKS seems to be a reasonable treatment. 6, 28 Although it remains unclear how to manage AVMs that induce symptoms by being embedded in the nerve root, GKS is considered a safe and effective treatment option for patients who do not require urgent relief of facial pain. Our patient treated by GKS alone showed pain disappearance 6 months later, and a patient in the previous reports no longer had painful episodes 13 months after treatment. 1 
study limitations
Even considering the fact that CPAC AVMs are rare, the number of patients involved in the present study was small. Therefore, although the present study demonstrated that this specific entity tends to cause clinical symptoms at older ages, it was impossible to determine a statistically significant difference in the age at onset compared with that for AVMs in other locations. Also, although we primarily used GKS for the treatment of CPAC AVMs with hemorrhagic presentation, resulting in acceptable outcomes, the small number of cases means that we were unable to compare the results with those in patients who underwent resection. It is obvious that resection is superior to GKS regarding the prevention of rebleeding. To clarify the best treatment option for hemorrhagic cases, increased surgical experience seems to be required, especially with respect to complications.
conclusions
Clinical symptoms caused by CPAC AVMs occurred in patients at an older age compared with the age of patients with AVMs in other locations. The CPAC AVMs were divided into 2 distinct groups according to associated cranial nerves, and each group had a specific pattern of arterial supply. In addition, AVMs with hemorrhagic onset frequently accompanied aneurysms in and around the nidus. Although GKS achieved acceptable results as a treatment for AVMs with hemorrhagic presentation, it seems ideal to obliterate aneurysms associated with the AVM before performing GKS. In cases with TN, preoperative MRI might provide useful information regarding the nidus-nerve relationship, which is an important factor for selecting a treatment option. It appears that GKS is a safe and effective treatment for CPAC AVMs with TN if patients do not require urgent pain relief.
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